Two-color flow cytometry(2cFCM) is the most accessible method for phenotyping parasite 3 invasion. However, current protocols require samples of field isolates at ~1% parasitemia for 4 assay set-up, which are becoming more uncommon in low transmission settings. Current 5 protocols, therefore, have to be adapted for low parasitemia if the method must have 6 continued applicability in this era of elimination. Optimizing the protocol requires 7 addressing; interference from young uninfected RBCs background fluorescence and biased 8 phenotypes due to limited labeled RBCs availability and/or parasite density per assay. Here, 9 we used SYBR Green I and CTFR Proliferation fluorescent dyes to set-up invasion assays 10 with Plasmodium falciparum 3D7, Dd2 and field isolates cultures (diluted at 0.05% to 2.0% 11 parasitemia) against varying unlabeled to labeled RBC ratios (1:1 to 1:4). We showed that a 12 shorter SYBR Green I staining time of 20 minutes, down from 1hour, minimized background 13 fluorescence from uninfected RBCs (mean= 0.03% events) and allowed 2cFCM to accurately 14 quantify reinvasion for an assay at 0.02% parasitemia. An increase in labeled target RBCs to 15 1:3 per assays significantly increased heterologous reinvasion (p<0.001). This resulted in a 16 10% greater invasion inhibition by enzyme treatments (p<0.05). Strain-specific invasion 17 phenotype could be accurately determined for samples with as low as 0.3% parasitemia. 18 Samples above 0.8% parasitemia were less accurate. These findings show that invasion 19 pathway phenotypes can be obtained for field samples with low parasitemia at greater 20 sensitivity and reproducibility by increasing the proportion of labeled RBCs per assay by at 21 least 2-fold what is in current methods. 22 23 24 25 26 27 28 29 Keywords: Malaria, Flow cytometry, Sensitivity, Low parasitemia, RBC Invasion pathway 30 phenotypes. 31 32 BACKGROUND: 33 Invasion of human red blood cells (RBCs; Erythrocytes) by Plasmodium falciparum 34 merozoite is vital for malaria parasite multiplication and transmission between hosts and it is 35 considered a key target for the development of malaria interventions (Burns et al. 2019). 36 Invasion mechanism makes use of multiple and redundant parasite ligand and erythrocyte 37 receptor combinations (Perkins and Holt 1988; Binks and Conway 1999), whose dynamics 38 are affected by host, transmission rates and environmental factors such as interventions. 39 Studies on parasite invasion mechanisms and invasion phenotypes could, therefore, help in 40 monitoring the effects of interventions and in designing alternative intervention strategies 41 against natural parasite populations (Stubbs et al. 2005; Beeson et al. 2019). Such studies 42 have recently been scaled up by the application of sensitive high throughput two-color Flow 43 Cytometry (2cFCM)-based methods (Theron et al. 2010; Bei et al. 2010; Bei and Duraisingh 44 2015). These methods quantify the total number of successfully invaded merozoites 45 (reinvasion), rather than just the total number of parasitized erythrocytes (growth). As such, 46 quantifying reinvasion has wide applications in phenotyping parasites where it is used as a 47 For wider and continuous applicability of 2cFCM in this era of elimination, the current 64 protocol needs to be adapted for increased sensitivity at low parasitemia. This will require; 65 (a) reducing the high background fluorescence from nucleic acid-containing uninfected 66 (unRBCs) by nucleic acid staining dyes like SYBR Green I (Theron et al. 2010), (b) 67 minimizing autologous reinvasion, which can potentially create a bias in the measured 68 phenotype. Autologous reinvasion is high with the high proportion of unlabeled donor 69 unRBCs present in 1:1 ratio protocols (Bei and Duraisingh 2015). (c) determining the lower 70 threshold of parasitemia for invasion phenotyping given that parasite invasion is highly 71 strain-specific and parasite density-dependent (Rovira-Graells et al. 2016). Assays with too 72 high or too low initial sample parasitemia could cause phenotype masking. This study, 73 therefore, optimized the current 2cFCM protocol, adapting it to enable its application at low 74 sample parasitemia in settings with declining malaria. This will allow for continuous 75 monitoring of invasion phenotypes with the drive to elimination and evaluation of invasion-76 targeting candidate tools in low transmission settings. 77 METHODS 78 Parasite Strains and Cultures 79 Plasmodium falciparum 3D7 and Dd2 laboratory-adapted strains and three field isolates 80 CMN45, CMN23 and CMN40 collected from the North-West region of Cameroon, were 81 grown in O+ erythrocytes from a malaria-free adult donor at 2% hematocrit (HCT) in 82 incomplete RPMI-1640 medium (iRPMI) supplemented with 0.5% albumax. Culture flasks 83
RBCs of <35% and >70% for 3D7 and Dd2 strains at 0.5% pct respectively as reported 96 elsewhere (Bowyer et al. 2015) . 97 Labeling of Target RBCs 98 Target RBCs were fluorescently labeled with Cell Trace (R) Far Red (CTFR) Proliferation Kit 99 (Invitrogen C34564) at 2% HCT. The dye belongs to the same CTFR family of fluorophores 100 as DDAO-SE (7-hydroxy-9H-(1, 3-dichloro-9, 9-dimethylacridin-2-one) succinimidyl ester.
101
Due to its first-time use, optimization experiments for dye concentration (5 µM, 7.5 µM and 102 10 µM) and staining duration (30minutes, 1hr and 2hrs) were performed. RBCs were 103 incubated at 37°C on a rotating wheel and washed three times after incubation. Stained RBCs 104 were suspended at 2% HCT in cRPMI and stored for up to one week at 4°C for use in 105 invasion assays.
106
In-vitro invasion assay to determining the effect of parasite density and increasing labeled 107 RBC proportion on 2cFCM sensitivity to quantify reinvasion at low parasitemia.
108
The ratio of unlabeled donor to labeled target RBCs in assays was varied from 1:1 to 1:4 109 across four wells per ratio for each level of initial sample parasitemia. Briefly, stock infected 110 donor cultures were synchronized to ~90% ring stages with 5% w/v D-Sorbitol and diluted to 111 a range of initial sample parasitemia of 0.05% to 2.0% by addition of O+ unRBCs. For each 112 invasion assay, 20µl of infected culture (for each test parasitemia) was added to 50µl, 67µl, 113 75µl and 80µl of labeled target RBCs, corresponding to assay ratios of 1:1, 1:2, 1:3 and 1:4 114 respectively. The final reaction volume of 100µl at 2%HCT was constituted by adding 30µl, 115 13µl, 5µl and 0µl of unlabeled uninfected O + RBCs respectively (figure 1). The assay 116 parasitemia ranged from 0.02% to 0.2% in the wells. Parasitemia and developmental stage for 117 each assay was determined by light microscopy of 10% Giemsa stained thin films. The 118 average of two readers was retained. For invasion-inhibition assays with enzyme-treated 119 RBCs, 20µl unlabeled iRBCs were added to 50µl and 75µl labeled enzyme-treated RBCs 120 corresponding to assay ratios of 1:1 and 1:3 respectively. The final reaction volume of 100µl Invasion inhibition by enzyme treatment significantly increased by a minimum of 10% across 221 the entire parasitemia range for the 1:3 assay when compared to the 1:1 assay (p<0.05) 222 (figure 5A). Patterns of invasion inhibition were consistent across the sample parasitemia range of 0.1% to 1.6%. There was an increasing trend in the inhibitory effect of enzyme 224 treatments up to an initial sample parasitemia of 0.8%, after which the trend started reversing.
225
This sets 0.8 parasitemia as the peak point of reliable invasion phenotyping for any strain.
226 Surprisingly, RBC invasion by Dd2 strain used in these assays was inhibited by 227 chymotrypsin treatment across the entire parasitemia range tested ( figure 5A iii) . This 228 contrary results could be due to a reversal in phenotypes that occurs with long-term culture 229 adaptation (Duffy and Avery 2018).
230
The effect of initial parasitemia on invasion pathways of natural non-culture adapted P. 231 falciparum isolates was also investigated on 3 clinical isolates at 0.25%, 0.5%, 0.75% and 232 1.0% initial parasitemia with the 1:3 protocol. Invasion phenotypes were less consistent 233 across the different initial parasitemia for all enzyme treatments, but invasion phenotypes 234 were similar at parasitemia ≤ 0.5% across all enzyme treatments ( figure 5C ).
235

DISCUSSION
236
Two-color FCM is the most widely used method for phenotyping parasite invasion pathways 237 as it offers minimal handling of donor infected culture. However, current protocols require 238 samples of field isolates at ~1% parasitemia for assay set-up (Bei and Duraisingh 2015) , 239 which are more uncommon in low transmission settings. This study presents a modification 240 of current protocols to enable the determination of invasion pathways for field isolates at low 241 parasitemia with improved sensitivity and reproducibility.
242
SYBR Green I has a low binding affinity for RNA and so, will preferentially bind DNA 
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